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A decelerated beam of neutral ammonia molecules is injected into an electrostatic storage ring. Electrostatic
lenses are used to map the emittance of the decelerator onto the acceptance of the ring. The tangential velocity
spread of the package of molecules in the ring is set to less than 1 m/s. The package of molecules can be
observed for more than 50 distinct round trips, corresponding to 40 m in circular orbit and almost 0.5 s storage
time, sufficiently long for a first investigation of its transversal motion in the ring.
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Getting full control over both the internal and external
degrees of freedom of molecules has been an important goal
in molecular physics during the past decade. This control can
be achieved, in principle, with appropriately tailored electro-
magnetic fields [1,2]. Radiation fields can be used, for in-
stance, to prepare molecules in a single selected quantum
state, thereby controlling their electronic, vibrational, and ro-
tational degrees of freedom. Static inhomogeneous electric
and magnetic fields have been used for a long time to
(de)focus polar molecules in a beam, thereby manipulating
their transversal position and velocity and controlling their
orientation [3]. Time-varying electric fields can be used to
efficiently change the forward (longitudinal) position and ve-
locity of these molecules as well [4,5]. In the experiments
reported here, a package of ammonia molecules in a single
rovibrational state, spatially oriented, is decelerated and fo-
cused and subsequently forced in circular orbits. The abso-
lute velocity, as well as the width of the velocity distribution,
of the package of molecules is under computer control, and
these experiments thereby serve as a demonstration of the
level of control over neutral molecules that can nowadays be
achieved.
Full control over the internal and external degrees of free-
dom of molecules is essential in the presently very active
field of cold molecules. Trapped samples of neutral mol-
ecules have been created by means of buffer gas cooling in a
magnetic trap [6], by using Stark deceleration of a molecular
beam in combination with an electrostatic trap [7], and by
pairing cold atoms to form molecules in an optical [8] or
magnetic trap [9]. Recently, spectacular progress has been
made with association of ultracold atoms assisted by mag-
netically induced Feshbach resonances, resulting in the first
molecular Bose-Einstein condensates [10–13]. In the field of
cold molecules there is a particular interest in cold dipolar
molecules which stems from the presence of the anisotropic,
long-range dipole-dipole interaction in these samples, which
is predicted to lead to interesting physics and novel applica-
tions [14].
A beam of polar molecules can be state-selected and fo-
cused with an electrostatic hexapole lens. By bending a
hexapole into a torus, a storage ring for neutral molecules
can be created [15]. Recently, we have experimentally dem-
onstrated trapping of packages of decelerated ammonia mol-
ecules in such a prototype electrostatic storage ring [16]. A
potential advantage of a storage ring over a trap is that the
molecules can interact repeatedly, at distinct positions and at
well-defined times, with electromagnetic fields and/or other
particles. This can be used, for instance, to study ultracold
collisions and reactions [17,18]. In such experiments, the ef-
fect of weak interactions can be enhanced by increasing the
storage time in the ring, i.e., by accumulating weak effects
during many round trips. It is also conceivable to dedicate a
section of the ring to evaporative cooling of molecules. Yet
another way to cool molecules and to create a high bright-
ness molecular beam might be stochastic cooling, which has
been applied successfully in storage rings for charged par-
ticles [19].
Inhomogeneous time-varying electric fields can be used to
manipulate the distribution of polar molecules in phase
space; appropriately designed electric fields rotate the distri-
bution in phase space uniformly, thereby either minimizing
the spatial spread at a certain position (longitudinal focusing
or bunching) or minimizing the longitudinal velocity spread
(longitudinal cooling or bunch rotation). The operation prin-
ciple of such a buncher for neutral molecules has been de-
tailed elsewhere [5]. To be able to inject packages of mol-
ecules with an as low as possible initial temperature into the
storage ring, a buncher is installed between the Stark-
decelerator and the ring. To further increase the number of
captured molecules the transversal emittance of the decelera-
tor is mapped onto the acceptance of the ring with electro-
static hexapole lenses. Together, these elements enable the
control over the full 6-dimensional phase space distribution
of the package of molecules entering the ring.
The setup, consisting of the injection beamline and the
storage ring, is depicted schematically in Fig. 1. The beam-
line has been described in detail previously [5,20]. Briefly, a
beam of deuterated ammonia is formed by expanding a mix-
ture of less than 1% 14ND3 seeded in Xenon through a
cooled pulsed valve s−70°Cd into vacuum. The molecular
beam has a velocity of approximately 285 m/s and a longi-
tudinal temperature of about 1 K. Due to the adiabatic ex-
pansion roughly 60% of all the ND3 molecules in the beam
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reside in the uJ ,Kl= u1,1l inversion doublet, the ground-state
level for para-ammonia molecules.
After the beam has passed through a skimmer into a sec-
ond vacuum chamber the ammonia molecules in low-field
seeking states of the upper level of the inversion doublet are
transversally focused with a pulsed electrostatic hexapole
lens into the Stark decelerator. Molecules in high field seek-
ing states are defocused and consequently lost. The Stark
decelerator consists of an array of 64 equidistant electric
field stages. Each stage creates a high electric field of
90 kV/cm on the molecular beam axis. When the ammonia
molecules enter theses stages, they will gain Stark energy,
which is compensated by a loss in kinetic energy. If the elec-
tric field is greatly reduced before the molecules have left
this region, they will not regain the lost kinetic energy. The
molecules will repeatedly undergo this process while passing
through the array of electric field stages, which are switched
synchronously with the decelerating package. The molecules
are decelerated to 91.8 m/s for the experiments described
here.
At the exit of the decelerator the calculated longitudinal
phase space distribution is Dx3Dvx= f1.1 mmg3 f5.9 m/sg
and the transversal phase space distributions are Dy3Dvy
=Dz3Dvz= f1.0 mmg3 f5.0 m/sg where x lies along the
molecular beam axis. Here the position spread and velocity
spread are the full width at half maximum (FWHM) of a
fitted Gaussian distribution. The transversal phase space dis-
tribution is mapped onto the acceptance of the ring using a
telescope of two electrostatic hexapole lenses. The accep-
tance of the ring is in fact set by the vertical szd and radial srd
eigenfrequencies of the potential well which are numerically
found as fz=390 Hz and fr=910 Hz near the minimum of
the well. The relation between the frequency fs, the accepted
position spread Ds, and the accepted velocity spread Dvs is
given by Dvs=2pfsDs. The potential well shown in Fig. 1
contains both the Stark energy and the quasipotential cen-
trifugal energy for molecules moving in circular orbits with a
tangential velocity of 91.8 m/s. It is evident from the equi-
potential lines in Fig. 1 that the potential well is asymmetric
in the dipolar configuration that we have used. To load the
ring the hexapoles rotate the transversal phase space distri-
bution of the molecules uniformly such that it matches the
vertical acceptance of the ring, because in this direction the
potential well is the shallowest. For this, the hexapoles are
switched on for only a few tens of microseconds, corre-
sponding to an effective length of a few millimeters for mol-
ecules moving with a velocity of 91.8 m/s. The buncher cre-
ates an harmonic potential well that rotates the longitudinal
phase space distribution until the longitudinal velocity spread
has been minimized. Due to the limited opening angle of the
entrance slit of the ring, a part of the package of molecules is
cut off by the outer pair of electrodes. The numerically cal-
culated phase space distribution of the package of molecules
entering the ring is given by Dr3Dvr= f2.3 mmg
3 f2.5 m/sg, Dz3Dvz= f1.4 mmg3 f1.4 m/sg, Dx3Dvx
= f9.5 mm30.64 m/sg.
After the molecules have entered the 25-cm diameter
electrostatic storage ring, the two outer ring electrodes are
rapidly s,100 nsd switched to high voltages. This creates an
electric field that delivers the centripetal force on the mol-
ecules. Just prior to detection the high voltages on these elec-
trodes are switched off again. Then the ammonia molecules
are ionized in a 2+1 resonance enhanced multiphoton ion-
ization (REMPI) process, using 317 nm radiation. The uv
light is focused and only molecules in the approximately
3 mm long, 100 mm diameter beam waist are detected. The
ions are repelled from the storage ring by the residual electric
field created by the permanently present 200 V and 100 V on
the inner and middle ring electrodes, respectively, and are
then detected with a linear time-of-flight mass spectrometer.
Figure 2 shows the recorded ND3 parent ion signal as a
function of the storage time in the ring; the origin of the time
axis is at the time when the high voltages on the ring are
switched on. Each data point represents the parent ion signal
intensity averaged over 20 laser shots, i.e., averaged over 20
subsequent deceleration, loading and detection cycles. The
experiment normally runs at a 10 Hz repetition rate. For the
measurements that exceed 100 ms storage times in the ring,
however, the repetition rate is reduced; the laser system still
runs at 10 Hz, but the effective repetition rate is reduced with
a mechanical shutter. The ion signal is proportional to the
density of ammonia molecules in the ring. The round trip
time is tr=8.6 ms, determined from fitting the peaks of the
signal due to the first 18 round trips, and it is seen that the
peak intensity after each round trip gradually decreases while
the width of the peaks increases. This is a result of the re-
sidual tangential velocity spread of the package of molecules
in the ring. Molecules with a tangential velocity of 91.8 m/s
traverse the ring at the equilibrium orbit, which is a distance
r=1.3 mm away from the center of the hexapole geometry.
FIG. 1. (Color online) (a) Scheme of the experimental setup.
The injection beamline consists of a pulsed valve, a Stark decelera-
tor, hexapoles, and a buncher. (b) The molecules are trapped in a
two-dimensional potential well. The center of the ring is to the left.
Equipotential lines are shown at 0.02 cm−1 intervals. Molecules are
detected in the ring using a uv-laser based ionization detection
scheme. The inset shows the vertical position of the potential well
along the equilibrium radius for three values of the (ac modulation)
voltage on the inner ring electrodes.
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Faster molecules orbit the ring at a larger radius and hence
have a longer flight path; slower molecules orbit at a smaller
radius and hence have a shorter flight path. This difference in
flight paths between faster and slower molecules counteracts
the longitudinal spreading out of the molecular package. As
the relative change in orbit radius is small, however, this
effect is very limited in the present case and by far not suf-
ficient to make the storage ring isochronous. Therefore the
tangential spreading out of the package in the ring can be
very well approximated with the longitudinal spreading out
of a package in linear free flight. The time-spread of the
signal at the nth round trip is thus given by
s1/vd˛sDx0d2+ sDv0ntrd2, where Dx0 is the initial longitudi-
nal position spread, v the average velocity, and Dv0 the lon-
gitudinal velocity spread. Without further losses from the
ring, the peak density is inversely proportional to this width.
When the initial position spread can be neglected, this im-
plies an expected 1/n behavior for the peak intensities, as
sketched with the dashed line in Fig. 2. It is seen that the
peak heights actually do not decrease monotonically. This is
explained by the two-dimensional oscillatory motion of the
package of molecules in the ring in combination with the
position sensitive detection scheme. The oscillatory motion
can be particularly prominent when there is a slight transver-
sal phase space mismatch when the molecules are injected
into the ring. In the upper graph of Fig. 2 the time-integrated
signal for each round trip is shown. This signal clearly shows
the relatively large intensity fluctuations just discussed, but it
is also seen that, on average, the signal remains practically
constant. Loss due to collisions with background gas can be
neglected as the background pressure in the ring chamber is
10−9 mbar, corresponding to an anticipated 1/e decay time of
several seconds. Furthermore, in the dipolar electric field ge-
ometry used in this experiment, the molecules are never in
zero electric field so zero-field crossing (Majorana) transi-
tions are avoided.
The inset of Fig. 2 shows the signal after 49, 50, and 51
round trips. The molecules have then been stored in the ring
for about 0.43 s, corresponding to a total flight path of more
than 40 m. It is seen from the data that the package of mol-
ecules has stretched out so far that it fills about half the ring,
i.e., its FWHM length has become about 40 cm. A longitu-
dinal temperature can be deduced from the relative temporal
width of the signal from the 50th round trip. After such a
long flight distance, the contribution of the initial position
spread to the width can be neglected, and the relative tem-
poral width is in a good approximation equal to Dv /v. From
the multipeak Gaussian fit of the data (dark solid line), in
combination with the known 91.8 m/s tangential velocity of
the molecules, the absolute longitudinal velocity spread is
found as 0.83±0.13 m/s. This corresponds to a longitudinal
temperature of 300±100 mK, in close agreement with the
numerically calculated value at the entrance of the ring.
The transversal motion of the molecules in the ring can be
excited by applying an ac voltage on top of the 200 V dc
voltage on the inner ring electrodes. This leads to an oscilla-
tory motion of the potential well, which, for the electric field
configuration used, is almost exclusively in the vertical di-
rection, as shown in Fig. 1. In the experiment, the vertical
motion of the package of molecules is driven by a two-
period sine wave with an amplitude of 180 V and with a
period of t=2.56 ms. This modulation is started at a variable
time tstart after the molecules have entered the ring, which is
at t=0. The block pulse indicates the time that the molecules
are confined in the ring. In the upper graph of Fig. 3 the
density of ammonia molecules in the ring after ten round
trips, i.e., after the molecules have been in the ring for
86 ms, is shown as a function of the time when the ac modu-
lation starts (relative to the switching on of the ring). Each
data point represents the averaged signal over 30 laser shots.
The ammonia density in the laser detection area after these
FIG. 2. The solid line in the lower graph shows the ammonia
density at the loading position in the ring as a function of storage
time. The dashed line is a 1/ t plot, used to guide the eye. In the
inset, a measurement of the ammonia density after 49–51 round
trips is shown, together with a multipeak Gaussian fit, from which a
longitudinal temperature of 300±100 mK is deduced for the pack-
age of molecules in the ring. The upper graph shows the time-
integrated signal after each round trip.
FIG. 3. (Color online) The upper graph shows the density of
ammonia molecules in the ring after 10 round trips as a function of
the start time of the ac voltage modulation. The modulation signal is
a two-period sine wave with a period of t=2.56 ms. The starting
point of this modulation signal is scanned stepwise from tstart to
tend. A Fourier transformation of the data is shown in the lower
graph (solid curve) together with the frequency spectrum of the
two-period sine wave (dashed curve).
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10 round trips shows a strong modulation, the equivalent of a
vertical betatron oscillation in charged particle storage rings.
In our experimental setup the tightly focused detection laser
crosses the ring in the horizontal plane, and vertical oscilla-
tions are therefore more readily detected than radial oscilla-
tions. Although the ac modulation voltage shakes the poten-
tial well only roughly 160 mm up and down from the vertical
equilibrium position, the driven vertical oscillation of the
molecules is calculated to lead to an amplitude of about
1 mm. It is seen from the measurements that even when the
ac modulation is induced during the first round trip, the pack-
age of molecules coherently oscillates in the vertical direc-
tion after 10 round trips. From these measurements, the
eigenfrequency for the vertical oscillation in the ring can be
accurately determined.
In the lower graph of Fig. 3 a Fourier transformation of
the data is shown. The main peak in the frequency spectrum
is found at 373 Hz, with a shoulder at 413 Hz, and the first
overtone of this peak is visible as well. Also shown in this
figure is the frequency spectrum of the two-period sine wave
(dashed), which is set to drive the fundamental vertical os-
cillation. The experimentally determined value of 373 Hz for
this oscillation frequency is close to the calculated value of
fz=390 Hz. When detection would be performed exactly at
the center of the vertical motion, the package of molecules
would pass the laser focus twice per oscillation and only the
overtone would be observed. If the laser detection region
would be at an extremum of the vertical motion, only the
fundamental frequency would appear. The actual relative in-
tensities of these two frequency components in the spectrum
therefore depends on the details of the alignment of the laser
relative to the ring as well as of the coupling of the injection
beam line to the ring. The envelope of the modulation of the
ammonia density appears like a typical beating pattern, in-
dicative of coupled motion at closely spaced oscillation fre-
quencies. In the Fourier transformation this shows up as the
413 Hz shoulder of the main 373 Hz resonance. It turns out
that, rather than being due to typical beating, the intensity of
the envelope of the modulation correlates with the intensity
of the corresponding time-integrated signal shown in the up-
per graph of Fig. 2; the vertical oscillation of the package of
molecules shows the largest modulation depth in the detec-
tion region when this oscillation is initiated at a time when
the package has the best overlap with the detection region.
By optimizing the transversal phase-space matching of
the injection beam line onto the storage ring using hexapole
lenses and by reducing the longitudinal temperature of the
package of molecules prior to injection using a buncher, we
have been able to detect ammonia molecules in an 80 cm
circumference storage ring after more than 50 round trips.
The ammonia molecules are actually stored in the ring con-
siderably longer than this, but they start to fill up the whole
ring with a nearly constant density and the fast molecules
from the nth round trip can then experimentally no longer be
distinguished from the slow molecules in the sn+1dth round
trip. The transversal oscillations in the ring can be driven
with relatively low ac voltages, and, in combination with
position sensitive detection schemes, this can be used for an
accurate measurement of the fundamental oscillation fre-
quencies. This opens the way for more detailed studies of the
dynamics of polar molecules in an electrostatic storage ring.
It is well known that in ion traps, for instance, strong reso-
nances occur when the axial and radial frequencies are in
tune [21]. Similar effects will be present in the storage ring
for neutral molecules as well, and at certain parameter-
settings molecular trajectories might become highly unstable.
Investigation and a detailed understanding of these ring dy-
namics is important for the design and construction of future
sectional storage rings [22].
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